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Abstract 
With recent advances in technology, utilities 
generation (DG) on the distribution systems. Reliability worth is very important in power system 
planning and operation. Having a DG ensures reli
increase the reliability worth. 
This research project presents the study of a radial distribution system and the impact of placing 
DG in order to increase the reliability worth. 
where a DG have to be placed. The reliability improvement is measured by different reliability 
indices that include SAIDI, CAIDI, ENS and ECOTS. In addition
each feeder of the system, as well as the 
amount of DG installed are presented. 
The research also pretends to recall the impotence of understanding of power system reliability 
from a investment view for distribution companies in order to enhance the DG installat
costumer. The studies performed are supported with the Power Management System Software 
ETAP. 
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expect to see increasing amounts of distributed 
ability improvement and may be used to 
 The aim is to perform and assessment o
, the impact of adding one DG to 
impact of placing DG at various distance plus the 
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1. Introduction 
1.1. Review of distributed generation
Generally, the term Distributed or Distributed Generation (DG) refers to any electric power 
production technology that is integrated within distribution systems, clos
Distributed generators are connected to the medium or low voltage grid. 
distribution network; it can reduce the cost of electricity, and lower emissions of air pollutants. 
They are not centrally planned and usually 
there is no not a global concern about DG, as explained by CIRED [
The IEEE defines distributed generation as the generation of electricity by facilities that are 
sufficiently smaller than central generati
point in a power system [3].  On the other hand
they preferred to define it in term of connection and location rather than in terms of generation 
capacity. Nevertheless, everyone seems to agree on at least the small scale of generation units 
connected to de grid to be considered as DG.
DG has been used since long ago, as for with needs for highly reliable power, such as hospitals 
and telecommunications centers. However advances in new materials and designs for 
photovoltaic panels, micro turbines,
Moreover, the restructuring of markets for electric power, have opened even more opportunities 
for consumers to use DG to meet their own energy needs. The increasing of DG provides some 
several benefits to the grid, as less dependence of transmission line constrains, the market 
liberalization, reliability benefits. 
The Section 2 of the project focuses on the major 
benefits that are related to power system reliability and to the worth of the distribution systems. 
Moreover, other issues are discussed as the expansion issues of DG.
1.2. Review of power system reliability
Power system reliability assessment is primarily focused on an analysis of the healthy
states of a power system. Power system reliability can be subdivided in two
Adequacy assessment takes into a
system satisfy the customer load and with static conditions in the power syste
 WITH DISTRIBUTED GENERATION 
 
e to the point of use. 
DG 
are smaller than 30 MW (DTI 2001)
2] 
ng plants so as to allow interconnection at nearly any 
, the authors of [9] where author conclude that 
 
 fuel cells, etc; have expanded the range of opportunities. 
 
and potential benefits about DG, in deep the 
 
 analysis 
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ccount the determination of sufficient facilities within 
m. Power system 
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security has de goal to respond to disturbance arising within the system and therefore deals with 
the dynamic conditions in the system.
A power system is a complex network
of the entire configuration at a time
entity. Despite the evaluation complexity, the need for
and more utilities are investing time in 
overall power system, there are methodology that consider on divide it in differe
are three functional zones as shown in
form three hierarchical level (HL) for the pur
illustrated in Figure 1.1, in which first level (HLI) refers to generation facilities and their ability to 
satisfy the system demand. The second level (HLII) refers to the composite generation and 
transmission systems and the ability to deliver energy to the bulk power points. Finally, the third 
level (HLIII) refers to the complete system including the distribution at the satisfaction of the 
demand of individual costumers.
Figure 1.1
1.3. Objectives 
The basic objectives of this project are
develop and worth assessment on radial distribution system
Distributed Generation Integration and
reliability. Moreover, the increase of DG may bring some concerns in the power market 
operation; rate-regulations may impede DG. 
 WITH DISTRIBUTED GENERATION 
 
, highly integrated and very large. The reliability evaluation 
 is complex if it is considered the power systems as an entire 
 reliability assessment is ever increasing 
reliability analysis. Thus, to reduce the complexity of an 
 Figure 1.1. These three functional zones are grouped to 
pose of reliability evaluations [
 
: Functional Zones and Hierarchical Levels 
 to examine the impact of distributed generation 
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 the several potential benefits, in deep the ones related to 
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Another point is the understanding of system reliability modeling 
system. Considerable attention has been given to the modeling and evaluation of system 
reliability indices. The Distribution system reliability analyses shown in these projects were 
conducted using the ETAP software. This s
power system analysis tool, which have a reliability module used to assist distribution system 
reliability level for radial and looped systems with a very efficient analytical algorithm
The practical objective of this project is to study the Bus 2 of the distributed system of Roy 
Billiton Test System (RBTS) [6]. There is a big effort in order to breakdown the base case of 
study understanding the system studied and its reliability. Secondly, distributed gene
included to the network and different analyses are performed:
• The impact of the DG to the different sections of the systems
• An analysis of placing DG in at 
• Breakdown of placing more than one DG.
Finally, recalling the main objective
where the feasibility of placing DG in term of profitability will be discussed; seeking the best 
scenario between reliability and cost.
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2. Benefits of distributed generatio
Section has already presented distribute generation. This 
and drawback of DG. The International Energy Agency IEA [
contribute to the renewed interest in distributed generation, 
generation technologies, constrains on the constructions of new transmission lines, increased 
customer demand for highly reliable electricity, the electricity market liberalization and concerns 
about climate change.  
2.1. Reliability 
The reliability benefits are appreciated from a costumer point of view, where a properly located, 
installed and operated DG can improve reliability of energy supply, and essential to some where 
interruption of service is unacceptable economically or where
Each costumer can decide it own reliability. T
customers more aware of the value of reliable electricity supply. An example are many European 
countries, the reliability level has been very high, mainly because of high engineering standards. 
Small, customers do not really care about supply interruptions because they do not feel it as a 
great risk. However, high reliability high investment and maintenance costs for the network and 
generation. Thus some industries which where reliable power supply is important may find the 
reliability of the grid too low and would be willing to invest in DG. 
The IEA, recognizes the provision of reliable power as important future market niche for 
distributed generation. Two distributed generation technologies may provide protection against 
power interruptions, i.e. fuel cells and backup systems combined with uninterruptible power 
supply. In addition gas and diesel engines combined with a fly wheel to 
are being commercialized. Different DG technology can be shown at Appendix A
Apart from main reliability problems, which involve
smaller voltage destination. These are aspects of power 
power aligns with the sinusoidal
encompasses reliability and the 
failure and switching operations. With a better reliability it is also assure a better power quality.
 
 WITH DISTRIBUTED GENERATION 
n 
section goes through some
7] identifies 5 major factors that 
such as development in distributed 
 health and safety is impacted. 
he liberalization of energy markets which makes 
 
cover the start
 high voltage drops, one can also have 
quality; it refers to the degree to which 
 deal voltage and current wave form. Thus, power quality 
insufficiency power quality may be caused by reliability issue as 
13 
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2.2. Market 
One of the interesting features is that DG could allow market participants to respond changing 
the market conditions due to the small size and
larger central power plants. An example is the price, 
against price fluctuations. Using DG for continuous use or for peak shaving is the major driver for 
US demand.  
2.3. Grid expansion and support
Distributed generation could serve as a substitute for investments in transmission and 
distribution capacity or as a bypass for transmission and distribution costs (demand for 
distributed generation from electricity customers). Of course, this is possible only to the 
that alternative primary fuels are locally available. 
From system operators point of view distributed generation units can substitute for investments 
in transmission and distribution capacity. In some cases, with a different control, a distributed 
generation unit can even be used as an alternative to connecting a customer to the grid in a 
‘stand alone’ application. Moreover, well chosen distributed generation locations can also 
contribute to reduced grid losses. 
Distributed generation can also cont
services necessary to maintain a sustained and stable operation of the grid, but not directly 
supplying customers. This may be the capability to generate on demand of the grid operator, for 
instance to stabilize a dropping frequency due to a sudden under capacity or excess demand.
2.4. Environmental 
Environmental regulations force players in the electricity market to look for cleaner energy and 
cost-efficient solutions. Here, distributed generation can
the energy consumption of firms that have a large demand for both heat and electricity. 
Furthermore, renewable energy source are small
distributed generation allows th
proximity of landfills, distributed generation units could burn landfill gasses. Also other locally 
available biomass may be envisaged. 
 WITH DISTRIBUTED GENERATION 
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a DG can be allowed to serve a as hedge 
 
 
 
ribute in the provision of ancillary services. These include 
 also play a role, as it allows optimizing 
-scale and dispersed over de grid. Installing 
e exploitation of cheap fuel opportunities. For example, in the 
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2.5. Distributed Generation Issues
One of the major difficulties in the success of DG is the relatively high cost per kW installed 
compared to the large plants. However, the differences between 
also quite large, ranging from 
turbines and fuel cells, respectively
Other DG concurs, presented in
to the IEA (2002), an increasing share of distributed generation in the installed generation 
capacity, implies less choice between primary fuels. 
valuable resources should be avoided.
generally are less efficient than larger central plants of the same type.
more technical issues as power control (
issues (change in power flow, protection, reactive power).
 WITH DISTRIBUTED GENERATION 
 
different DG technologies are 
$ 1 000 per kW to over $ 20 000 per kW for combustion 
 [8]. 
 [9] are a less choice between different primary fuels, 
The economic efficiency
 Moreover, smaller distributed generation plants 
 Furthermore
system voltage and frequency) and connection 
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3. Distributed power s
Over the past few decades distributed systems have 
reliability modeling and evaluation of the generation systems, A distribution system is   cheap 
and the outages have a very localized effect. However, s
systems contribute as much as 
with other parts of electric power systems 
Table 3.1: Typical customer unavailability statistics [
Contrib
Generation Transmission
132 KV 
66K and 22KV
11 and 6.6KV
Low voltage
Arranged shutdowns
Total 
 
3.1. Radial distribution systems
Distribution systems are usually radial, they 
makes systems makes it more vulnerable to outage instead of a meshed network. There are 
many other systems that are operated as single radial feeders systems by using normally open 
point in the mesh.  This propose is to reduce the amount of equipment exposed to a single 
component failure, as the test distributed system used by this project presented in Section 
Moreover, radial distribution system usually has dis
section on the main distribution line fail, it would result in power outage for the entire distribution 
lateral, in other word, there are circuit breakers along them. Without disconnect on the main line, 
installing a DG will not improve the system 
won’t be isolated, as is shown in [
disconnection on the main line. 
 WITH DISTRIBUTED GENERATION 
ystem reliability  
received less attention devoted to t
tatistics show that failures in distribution 
85% towards the unavailability of supply to a load as compared 
as shown in Table 3.1 
5] 
utor minutes % 
 0.5 0.5 
2.3 2.4 
 8 8.3 
 58.8 60.7 
 11.5 11.9 
 15.7 16.2 
96.8 100 
  
 
are much simple and less costly, however, this 
connection on the main line and if any 
reliability because a failed section on the main line 
10]. Figure 3.1, show a example of a radial circuit with 
16 
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Figure 3.1: Example of a radial distribution network with
A radial distribution system is used for the study case. As the objectives is to study the reliability 
economic benefits of using DG, the maximum benefits of DG are obtained in completely 
where some components have great influence to the entire system. 
3.2. Reliability modeling and evaluation for distributed systems
The techniques required to analyze a distribution sy
considered and the death of the analysis. This chapter is concern to the ba
techniques. There are more than satisfactory for the analysis of distributed radial systems. More 
complex techniques are needed for meshed networks or composite systems.
Two basic tools: analytical methods and Monte Carlo simulation have been extensively utilized 
for HL-I reliability evaluation. Similar 
HL-III.  As mentioned before the project point of view is from HL
transmission and distribution. Reliability studies are normally performed assuming the 
generation and transmission systems points have unlimited capacity and 100% of reliability. 
When talking about distribution systems, they are most likely radial or slightly meshed [
distributed system consists of a series of components, including lines, cable, isolators, busbars. 
Costumers are connected to any load point 
between itself and the supply point in order to be operating. 
The following sections discussed are 
where an analytical algorithm is used to compute the 
3.2.1. Components modeling
The basic reliability indices normally used to predict and asses the reliability of a distribution 
system consist of the following reliability indices
 WITH DISTRIBUTED GENERATION 
 disconnection on the main line 
 
stem depend on the kind of system being 
 
techniques have been applied to HL-II evaluation and to 
-III., which includes generation 
such a systems requires all the components 
 
related to the power system tool explained in Section 
reliability of a distribution system
 
.  
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Expected Failure Rate (λ) 
λ is the frequency of load interruption (orrences per year).  Has shown in
rate is the sume of the active faiulure rate 
      
Active failure rate causes the operation of the protection deceive around the failed component (a 
short-circuit fault)  or is the failure of the component itself that restore services after re
replacement. The passive failure rated oes not cause the operation of protection around the 
failed component (an open circuit fault).
Mean time to repair (MTTR) 
r,  is the time (hours)  required to repair a component outage and/or restore the syste
normal operating state. MTTR = r
Expected Repair Rate (µ)  
µ is the frequency of a repair (occurrences  per year)
  8760/ 
Mean Time to Failure (MTTF) 
MTTF is expected the time (years) that the component will 
  1/ 
Mean Time Between Failure (MTBF)
MTBF is the expected time (years) between a a component failure.
    /8760 
Forced Outage Rate (FOR) 
The basic parameter used is the probability of finding th
distant time in the future. It is the 
    
	∗
 

 WITH DISTRIBUTED GENERATION 
 Equation 
and the passive failure rate . 
 
 
 
be in failure MTTF=m 
 
 
e component on forced outage at some 
unavailability is evaluated from the previous indices,
∗ 8760  
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Finally, the last index is the switching time that is the time in hours for isolating a fault occurred at 
the component. It is assumed that circuit breakers trip a fault instantaneously.
The basic two-state up/down representation of Markov model for a single 
the operation/repair cycle of a component (such as lines, cables, transformers, breakers, fuses, 
switches, loads and busbars). The continuous Markov process for a component with two
can be modeled as shown in Figure 
Figure 
The Markov process is a specific stochastic process that is independ
except the immediately preceding one. The probability of failure or repair for a fixe
time is constant for a Markov process. Power system components can be represented by 
discrete system states with constant transiti
“UP” represents the healthy state of the
design condition. The component when it
failed state. Transitions may occur
are reliability indices explained at the beginning of this chapter. The failure 
rate “µ” and are shown in Figure 
residence time in each state expressed with the mean 
Figure 3.3: Mean time diagram for a two
 WITH DISTRIBUTED GENERATION 
 
components
3.2[12]. 
 
3.2: Two-state diagram of a component 
ent of all the past states 
on rates between these states. In Figure 
 component where the component is operating at the 
 cannot perform its intended function is 
 between these states. The transition rates between the states 
rate “λ
3.2.  Figure 3.3 shows the two states in terms of the avera
time to repair and mean time to failure.
-state component 
19 
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 states 
d interval of 
3.2, state 
“DOWN” or the 
” and the repair 
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Markov model for multiple states also exist, and they are used for other components as 
generation units, circuit breakers, etc. However, this project uses a simple two
order to meet the needs of the distributed system reliability tool used.
3.2.2. System evaluation 
The system evaluation recalls to an approximation 
evaluation on the failure rate, outage duration and 
series and parallel. [5] 
For components in series (Figure 
by Equations  3.6 and  3.7 respectively
Figure 3
      
 


  
For components in parallel Figure 
by Equations   3.8 and   3.9 respectively.
Figure 3.
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method for state diagrams based on 
unavailability for groups of components in 
3.4), the failure rate outage, outage duration are approximated 
. 
 
.4: Diagram of two components in series 


 
3.4, the failure rate outage, outage duration are approximated 
 
 
5: Diagram of two components in parallel 
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 


    
 


   
The approximation introduced in Equations 
component failure in transmission and distribution networks, consequently the approximate 
equations are almost universally used in reliability evaluation of distributed power systems 
3.2.3. System reliability indices
The reliability of a distribution system is usually measure in term of several 
divided into load point reliability indices and system reliability indices
3.2.3.1. Load point reliability indices
Those are the indices evaluated
classical concepts of power system reliability. 
presented in the previous section
talking about load point reliability indices t
(r) and the annual outage time(U).
Average failure rate at load point i
  ∑ ,∈   
Where , is the average failure rate o
faults will interrupt load point i. 
Annual Outage Duration at Load Point i, U
  ∑ ,  ∈   
Where  is the failure duration at load point I due to a failed element j.
Average Outagee Duration at Load Point i, r
 

 
      
There are three more load point indices 
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 3.6,  3.7,    3.8 and   3.9 are generally 
 
indices;
 
 
 at each load point of the system and are evaluated
The three primary indices have been already 
 as the equivalent indices for component modeling
hey are known as the failure rate (λ), outage duration 
 
,  (f/yr) 
f ejemn j; Ne is the total number of the element whose 
i (hr/yr) 
 
i (hr) 
than can be evaluated: 
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Expected Energy Not Supplied Index at Load Point, EENS
        
Pi is the average load of load point i.
Expected Interruption Cost Index at Load Point, ECOST
   ∑  !"  ,∈    
The ECOST is the cost of not supplying energy at that load point. This indices depends on the 
costumer characteristics. The combi
damage function (CCDF).  !"
Interrupted Energy Assessment Rate Index at Load Point, IEAR
#$   
 !"
"
   
The IEAR at a load point shows how vulnerable is that load point in cost terms. As higher the 
IEAR it is, an interruption at this load point will have a higher cost. The 
order to indentify the weak spots at the network
costumer and less costs to the distribution company.
3.2.3.2. System reliability indices
Although load point primary indices are fundamental
complete representation of the system behavior and response, special for distributed systems. 
For instance [5], the same indices would be evaluated irrespective of whether one customer
100 customers were connected 
10 kW or 100 MW. In order to reflect the severity or significance
additional indices that can be 
reliability indices, especially system indices, it is very 
in addition the average values, as explained by the author in [
An overview of commonly used system indices
System Average Interruption Frequency Index, SAIFI (f/customer.yr)
 WITH DISTRIBUTED GENERATION 
i (MWhr/yr) 
 
i  (k$/yr) 
 
nation leads to the formation of a composite costumer 
 from Equation  3.14 is the CCDF. 
i ($/kWhr) 
IEAR is important index in 
 which reinforcement will provide 
 
 
ly important, they do not
to the load point or whether the average load at a 
 of a system outage, 
evaluated. These are system reliability indices. For most of 
useful to look at their probability distribution 
13].  
 is as follows: 
 
22 
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$##  #$%& ()*+ #, -#$#*
#$%& ()*+ #, -#$#*
Ni is the number of costumers at  load point i. SAIFI is measured in units of interruptions per 
customer. It is usually measured over the course of a year, and according to IEEE Standard 
1366-1998 the median value for North Ame
customer and year. [14] 
System Average Interruption Duration Index, SAIDI (hr/customer.yr)
$#%#  ")* #, -#$)* ($).$#(
#$%& ()*+ #, -#$#*
SAIDI is measured in units of time, often minutes or hours. It is usually measured over the 
course of a year, and according to IEEE Standard 1366
American utilities is approximately 1.50 hours. [
Customer Average Interruption Duration Index, C
$#%#  ")* #, -#$)* ($).$#(
#$%& ()*+ #, -#$#* 
CAIDI gives an average outage duration that any given customer would experience. CAIDI can 
also be viewed as the average restoration time, is measured in units of time and over the course 
of a year. According to IEEE Standard 1366
is approximately 1.36 hours. [16
Average Service Availability (Unavailability
$$#   #$#* /#) #, %0%&%+&
 )$#* /#) 1*%(11
$#  1 & $$#     #$#* /#)
 )$#*
Where 8760 is the number of hours in a cal
measured per unit. 
System Expected Energy Not Supplied Index, EENS (MWhr/yr)
Interruption Cost Index, ECOST(k$/yr)
The two system indices presented EENS and ECOST are the sum considering the load 
indices. 
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 ($).$#(
 01

∑ 
∑ 
    
rican utilities is approximately 1.10 interr
 
 1)%$#(
 01

∑ 
∑ 
   
-1998 the median value for North 
15] 
AIDI (hr/customer interruption)
 1)%$#(
($).$#(

∑ 
∑ 
   
-1998 the median value for North American utilities 
] 
)  Index, ASAI (ASUI) 
 0- 
∑  	3∑  
∑ 	
   
 #, )(%0%&%+& 0-
 /#) 1*%(11

∑  
∑ 	
  
endar year. Both indices ASAI and AUI are 
 / System Expected 
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  ∑    
  ∑   
Average Energy Not Supplied Index, AENS
$  #$%& (4 (#$ )..&1 +
#$%&()*+ #, -#$)*
System Interrupted Energy Assessment
#$   !"
"
   
3.3. Power system reliability assessment tool
Commercial software’s such as CREAM (Developed by EPRI, USA), MECORE (Developed at 
the University of Saskatchewan and
USA) SICRET (Developed by ENEL, Italy) and NH2 (developed by CEPEL, Brazil) use Monte 
Carlo simulation [30] for evaluating composite power system reliability. Those software has been 
researched, however most of them focus on HL
down the study case of this project; it described in the next section.
ETAP is a fully integrated AC and DC electrical power system analysis tool. Engineers use 
ETAP in thousands of companies and electric utilities worldwide in the design, analysis, 
maintenance, and operation of electrical power systems. 
them the Reliability assessment
system reliability level for radial and looped
The algorith used is based on the reliability evaluation and component modeling presented in 
Section 3.2. Software capabilities
1. Model reliability characteristics of each component
2. Implement user-defined parameters & settings
3. Calculate bus and load point reliability indices
4. Calculate system reliability indices
5. Calculate reliability energy (cost) indices
6. Rank element contributions to energy (cost) indices
 WITH DISTRIBUTED GENERATION 
 (MWhr/customer.yr) 
 $/ $*
 01
  
∑ "
∑ 
   
 Rate Index,IEAR($/kWhr) 
 
 then at BC Hydro, Canada) NARP (Developed by ERCOT, 
-II. The ETAP [17] software was used to break 
 
[ 17] It has several modules, among 
 model. The reliability analysis using ETAP assist
 systems with a very efficient analytical algorithm
 al listed below: 
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7. Calculate effect of simultaneous faults
8. Availability & quality of power assessment
9. Long-term planning & redundancy
10. Single & double contingency studies
The load bus and system indices evaluated by ETAP soft
Customer Oriented Indices 
1. System Average Interruption
2. Frequency Index [SAIFI]
3. System Average Interruption
4. Duration Index [SAIDI] 
5. Customer Average Interruption
6. Duration Index [CAIDI] 
7. Average Service Availability Index [
8. Average Service Unavailability Index [ASUI]
9. Sector interruption cost estimates [CDF] (Customer Damage Function)
Energy (Cost) Indices 
1. Expected Energy Not Supplied [EENS] sensitivity analysis
2. Expected Interruption Cost [ECOST] sensitivity analysis
3. Element contributions to the EENS & their rankings
4. Element contributions to the ECOST & their rankings
5. Order of most contributing components to EENS & ECOST
6. Interrupted Energy Assessment Rate [IEAR]
7. Interruption cost library 
8. Component parameter library
 WITH DISTRIBUTED GENERATION 
 
 
 
 
ware are abbreviated as follows [
 
 
 
 
ASAI] 
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System Reliability Indices 
1. Average failure rate [λ] 
2. Average outage duration [r]
3. Annual outage duration [U]
3.3.1. Model assumptions and limitations
The current distribution system reliability 
• All switching devices operate successfully when required
• Switching devices can be opened whenever possible to isolate a fault.
• Power supply can be restored to provide power to as many load points as possible using 
the appropriate switching action and alternative supplies
• All failures are statistically 
• Second order faults (double 
3.4. Distributed test system
The test systems that have been utilized in this research
system designated as the Roy Billinton Test System
composed of two generator buses, 5 load buses, 9 transmission lines and 11 generating units. 
The total installed capacity is 240 MW and the system peak
developed the University of Saskatchewan and is a small
education and research purposes. 
 
 WITH DISTRIBUTED GENERATION 
 
 
 
analysis makes the following assumptions
 
 
 
independent 
contingency) is considered 
 
 is a distribution systems of the 
-RBTS [19].The RBTS is a 6 bus system 
 load is 185 MW.  The RBTS was 
 published test system develope
(Figure 3.6). 
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Figure 
The basic data for performing 
transmission system (HLII) are provided in [
data of a modified version of RBTS Bus 2 
 
 WITH DISTRIBUTED GENERATION 
3.6: Roy Billinton Test System 
reliability evaluation of the generation system (HLI) and the 
20]. The project focuses on the distribution system 
(Figure 3.7).  
27 
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Figure 3
The distribution system at RBTS 
of Bus 2 is 20MW. It is assume
transmission of the RBTS. There is one 33KV 
3.6 which is connected to the 11KV 
4 main feeders (M1, M2, M3, M
will not take into account the normally open sectionalizing points, in order to make this network 
more appropriate to distributed generation improvement. 
low tension (LT) transforme is needed.
 WITH DISTRIBUTED GENERATION 
.7: Distribution System for RBTS Bus 2 
Bus 2 modeled with ETAP is shown in .The peak loading levels 
 a 100% of reliability performance from generation and 
Main Bus that corresponds to Bus 2 from 
supply point throught two transformers in parallel. 
4) at 11KV, they feeders operate as radial feeders;
Depending on each the type of load a 
  
28 
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Figure 3.8: Modified distributed System for Bus 2, RBTS
The feeder type and length are shown in 
(LP) that supplies power to different types of costumers loads : Residential, Industrial, 
Commercial and Government and institutional (G&I), the costumer data is shown in 
[21]. 
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Table 3.2. Bus 2 distribution system has 22 load
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Table 3.2: Feeder Data for the RTBS Distribution Systems Bus 2.
Type Length (Km)
1 0.60
2 0.75
3 0.80
Table 3.3: Costumer Types, Number and Load Data.
Load Point 
1, 2, 3, 10, 11 
12, 17, 18, 19 
8 
9 
4, 5, 13, 14, 20, 21 
6, 7, 15,16 ,22  
TOTAL: 
The failure rates and repair duration of the different components such as transf
breakers, busbars a are presented in 
transformers are considered 16MVA and LT transformers are considered of 2MW.
Table 
Component Type
Transformers 
33/11KV 
LT 
Breakers 
33KV 
11KV 
Busbars 
33KV 
11KV 
Fedders 
11KV 
 WITH DISTRIBUTED GENERATION 
 Feeder Section Numbers 
 2, 6, 10, 14, 17, 21, 25, 28, 30, 34
 1, 4, 7, 9, 12, 16, 19, 22, 24, 27, 29, 32, 35
 3, 5, 8, 11, 13, 15, 18, 20, 23 26, 31, 33, 36
 
Customer 
Type 
Average Load per 
Load Point (MW) 
Nº of Customer 
per Load Point
Residential 0.535 210 
Residential 0.450 200 
Industrial 1.000 1 
Industrial 1.150 1 
G&I 0.566 1 
Commercial 0.454 10 
 
12.291 1908 
Table 3.4. The feeder rates are in f/yr·KM. 33/11KW 
3.4: Component Reliability Data 
 
Failure Rate 
(f/yr) 
Repair 
Time (hr) 
Switching time 
(hr) 
      
0.015 15 
0.015 10 
      
0.002 4 
0.006 4 
      
0.001 2 
0.001 2 
      
0.65 5 
30 
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Cost of costumer interruptions can be 
techniques have been used in power system reliability to investigate those cost
the interruption at a single point depends on the costumer characteristics.
leads to the formation of a composite costumer damage function
the interruption cost for several discrete outage durations.  Standard Industrial Cl
(SIC) is used to divide customers into 
agriculture, residential, government & institutions and office & buildings. [
the 2009 cost of interruption data in $/KW
[23]. 
Table 3.5: Cost of Interruptions in S/MW for various sectors
 
Duration 
(min) Agric. Comml.
1.00 0.060 0.381
20.00 0.343 2.969
60.00 0.649 8.552
240.00 2.064 31.320
480.00 4.120 83.010
3.5. Base case reliability analysis
The base case test systems used for the reliability analyses discussed in this section is shown in 
Figure 3.8. The ETAP program
these have been recommended in various publications [
The calculated individual load point
system with no meshed connections the 
from the supply point (SP); however the average duration 
Annual Duration [U] increases as the LP
Table 3.6: Radial system reliability indices for load point.
Load 
Point 
Main 
Feeder nº 
Distance from 
SP (Km)
1 1 1.35
2 1 1.55
3 1 2.3
 WITH DISTRIBUTED GENERATION 
utilized to determinate the worth reliability a variety of 
 [
 The combination 
 (CCDF). These functions
seven categories of large user, industrial, commercial, 
22]. Table 
 of peak demand for the seven categories un $ base 
 
SECTOR TYPE 
 G&I Ind. Lg. Us. Off. & bldg.
 0.044 1.625 1.001 4.778 
 0.369 3.868 1.508 9.878 
 1.492 9.085 2.225 21.060 
 6.558 25.160 3.968 68.830 
 26.040 55.810 8.240 119.200
 
 computes several reliability indices explained in section 
24, 25]. 
 system reliability indices are shown in Table 
average outage rate [λ] increases as the LP are 
time [r] tends to be 
 are further.  
 
 
Ave .Outage  
Rate (f / yr) 
Ave. Outage 
Duration (hr) 
Annual Duration 
 0.1658 5.01 
 0.1788 5.01 
 0.2465 4.92 
31 
29]. The cost of 
 are 
assification 
3.5 shows 
 Resdl. 
0.001 
0.093 
0.482 
4.914 
 15.690 
3.1, 
3.6, as a radial 
further 
smaller. The 
(hr / yr) 
0.8307 
0.8957 
1.2135 
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Load 
Point 
Main 
Feeder nº 
Distance from 
SP (Km)
4 1 2.1
5 1 3.05
6 1 3.05
7 1 3.65
8 2 1.55
9 2 2.15
10 3 1.35
11 3 2.3
12 3 2.35
13 3 2.9
14 3 2.95
15 3 3.5
16 4 1.55
17 4 1.4
18 4 2.15
19 4 2.35
20 4 3.1
21 4 3.65
22 4 3.7
More costumer load point indices
Those are the Expected Energy Not Supplied [
and the Interrupted Energy Assessment Rate [IEAR] values, they are shown in 
priority order based on the IEAR was used for load curtailment ranking, the IEA
monetary impact on the customers at a load point, expressed in dollars per kW/h of unserved 
energy. This higher the IEAR the higher priority this load point 
curtailment at that load point will contribute to 
Table 3.7: Costumer Load Point Unsupplied Energy and Interruption Costs
Load 
Point Load Sector
16 Commercial
6 Commerci
15 Residential
 WITH DISTRIBUTED GENERATION 
 
Ave .Outage  
Rate (f / yr) 
Ave. Outage 
Duration (hr) 
Annual Duration 
 0.2335 4.92 
 0.3143 4.87 
 0.3110 4.87 
 0.3473 4.86 
 0.1568 4.59 
 0.2028 4.64 
 0.1598 5.05 
 0.2405 4.95 
 0.2438 4.95 
 0.2985 4.89 
 0.3018 4.89 
 0.3445 4.88 
 0.1788 5.01 
 0.1690 5.01 
 0.2368 4.92 
 0.2498 4.92 
 0.3115 4.89 
 0.3603 4.86 
 0.3635 4.87 
 are calculated, related to the unsupplied energy and 
EENS], the Expected interruption Cost
R is the average 
may have, because a load 
higher economic cost. 
 
EENS 
 (MW hr / yr)  
ECOST 
 (k$) / yr 
IEAR
($ / kW hr)
 0.4067 3.564 8.763
al 0.6878 5.925 8.614
 0.7625 6.565 8.609
32 
(hr / yr) 
1.1485 
1.5313 
1.5150 
1.6873 
0.7197 
0.9407 
0.8067 
1.1895 
1.2058 
1.4585 
1.4748 
1.6795 
0.8957 
0.8470 
1.1648 
1.2298 
1.5235 
1.7523 
1.7685 
costs. 
 [ECOST] 
Table 3.7, A 
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Load 
Point Load Sector
7 Commercial
22 Commercial
9 Industrial
8 Industrial
4 Govt. & Inst.
13 Govt. & Inst.
14 Commercial
20 Govt. & Inst.
5 Govt. & Inst.
21 Govt. & Inst.
10 Residential
1 Residential
17 Residential
2 Residential
11 Residential
12 Govt. & Inst.
18 Residential
3 Residential
19 Residential
TOTAL 
From Table 3.7 can be conclude
point, thus from the sector damage cost functions. 
depending on the load sector; most of the 
followed by industrial sector, while 
 Each index provides different information and some indices are more important than others. The 
load point indices are useful in assessing the load point impact of system modifications and 
provide input to reliability evaluation at the actual customer level. 
system reliability indices which provide
supply the customer load. The likelihood of a customer receiving uninterrupted power supply can 
be assessed from the indices of
indices the higher is the unreliability at the corresponding bus
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EENS 
 (MW hr / yr)  
ECOST 
 (k$) / yr 
IEAR
($ / kW hr)
 0.7660 6.587 8.599
 0.8029 6.903 8.597
 1.0819 6.991 6.462
 0.7197 4.645 6.453
 0.6501 1.386 2.133
 0.8255 1.733 2.100
 0.8347 1.752 2.099
 0.8623 1.809 2.098
 0.8667 1.812 2.091
 0.9918 2.062 2.079
 0.4316 0.645 1.495
 0.4445 0.661 1.487
 0.3812 0.566 1.486
 0.4792 0.711 1.483
 0.6364 0.929 1.460
 0.5426 0.792 1.460
 0.5241 0.764 1.457
 0.6492 0.945 1.456
 0.5534 0.805 1.455
14.9007 58.552 
  
d that the IEAR is highly correlated to the sector of the load 
It can be seen that there is a tendency 
commercial sectors has the larger 
G&I and residential usually have a smaller IEAR 
 Furthermore, there are the 
 valuable information on the overall ability of the sys
 Table 3.6 and Table 3.7. The higher the value of the reliability 
. 
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SYSTEM INDICES 
SAIFI     System Average Interruption Frequency Index
SAIDI     System Average Interruption Duration Index
CAIDI     Customer Average Interruption Duration Index
ASAI     Average service Availability Index
ASUI     Average Service Unavailability Index
EENS     Expected Energy Not Supplied
ECOST    Expected Interruption Cost
AENS     Average Energy Not Supplied
IEAR     Interruption Energy Assessme
 WITH DISTRIBUTED GENERATION 
Table 3.8: System indices 
 0.2126  f / customer.yr
  1.0545  hr / customer.yr 
 4.960  hr / customer interruption
 0.9999  pu 
 0.00012  pu   
 14.901  MW hr / yr 
 58,551.64  $ / yr  
 0.0078  MW hr / customer.yr
nt Rate  3.929  $ / kW hr 
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4. Sensitivity studies
This part of the project focus on the break down on the test system adding units of distribution 
generation at different point of one main feeder. The path that has been followed is
main feeder with worth reliability in term of cost indices.
main feeder and can be concluded that 
distribution company. In addition the EENS is also higher than the other 
Table 4.1: Unsupplied Energy and Interruption Costs indices for each feeder.
Main 
Feeder 
M1 
M2 
M3 
M4 
Since this point, the project focuses on main 
point may also increase the reliability to 
shown near the DG point, which is 
First case study (shows how placing the DG at one feeder would impact to the rest of the 
system. It is computed that for a DG at M4, 
feeder, while M1, M2, M3 have a much smaller improvement. Therefore, it is assume for this 
project that the reliability improvements are mainly at the feeder where the DG installed. When 
placing a DG at some point, it is in order to reach an improvement at that main feeder. 
From Section 3.2.3  computes the reliability indices for 
the load point 1 to 7 (Table 3.
scenarios. 
Table 4.2: Sys
SAIFI 
SAIDI 
CAIDI 
ASAI  
ASUI 
EENS 
 WITH DISTRIBUTED GENERATION 
 with distributed generation
 Table 4.1 shows the ECOST of each 
feeder M4 (Figure 3.8) has a greater cost for the 
feeders. 
EENS 
 (MW hr / yr) 
ECOST 
 (k$) / yr 
IEAR 
($ / kW hr) 
4.5223205 16.4726 3.643 
4.0332946 12.4169 3.079 
1.8016129 11.6356 6.458 
4.5434614 18.0265 3.968 
feeder 4, (M4). Adding a generation unit at this 
the other feeder, however, main benefits would be 
M4.  
more than 83% of the worth is located at the same 
costumers of M4 (Table 
6 and Table 3.7). These values are the reference for the DG 
tem Indices reduced to Main feeder 4 (M4) 
0.2013 f / customer.yr 
1.0002 hr / customer.yr  
4.9688 hr / customer interruption 
0.9999   
0.0001   
4.543 MW hr / yr 
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ECOST 
AENS 
IEAR 
4.1. Distributed generation 
The distributed generation technologies, viewed in Section
renewable and fuel source, however, the
assume that the DG used is a 500KW diesel generator, besides not being a 
it can be assume that the full DG capacity is available when needed. 
combination of a diesel engine
generate electric energy. Diesel generating sets a
power grid or as emergency power
DG is represented by the two states (up/down) Mar
using a diesel generator as a backup source just in order to increase reliability Failures can 
occur in two modes. Failure to start (FTS), it is  failure of the generator to 
automatically start on a bus undervoltage condition, reach rated voltage and speed, close  the 
output breaker, or  sequence  safety
bus.Failure to run (FTR) , it failure as any
generator will not continue to supply power to i
shown on Table 4.3, are the mean values using IEEE Std 493 [
Moreover each DG is connected to the distributed network with a circuit breaker in order to 
isolated any DG fault from the rest of the system, those protections are the same ones used for 
load point and feeders, the reliability data is described in 
Table 4.3
Component Type 
500KW DG unit 
4.2. Case studies 
In this section, three main case studies are discussed.
presented is to only consider the benefits at the feeder where DG is placed, this first study
evaluates the impact to the rest of the system.
 WITH DISTRIBUTED GENERATION 
 18027 $ / yr  
0.0070 MW hr / customer.yr 
3.968 MW hr / customer.yr 
units 
 2, can be utilized together both 
 project does not focus on the type of 
renewable sources, 
A diesel generator is the 
 with an electrical generator (often called an 
re used in places without connection to the 
-supply if the grid fails. 
kov model as shown in Figure 
either manually or 
-related  electrical loads onto the respective safety
 other of the other components described, where the 
ts respective  electrical bus. The reliability rates 
26].  
Table 3.4. 
: 500KW Diesel Generator Reliability Data 
Failure Rate 
(f/yr) 
Repair Time 
(hr) 
Switching time 
(hr)
0.87 3.9 1 
 Firstly, as one of the assumptions 
 Secondly, the value of placing DG at differen
36 
technology. It is 
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distances from the supply point, SP (
same location. For case studies, system indices will be computed and discussed for feeder M4.
4.2.1. Reliability impact to
In this section, it is studied how adding a generation unit at some point of one of the main 
feeders would affect to the other three feeders. Shows the study case, where a DG is placed at 
D of main feeder (Figure 4.1). 
Figure 
The system reliability indices SAIFI, CAIDI, SAIDI, ENNS and ECOST are calculated for M1, M2, 
M3 by and compared with the base case without DG. 
Table 4.4: Reliability indices for the overall system and per feeder groups
 
M1+M2+M3+M4
 
Base case DG scenario
SAIFI 0.2126 0.1828
SAIDI 1.0545 0.9319
CAIDI 4.9602 5.0973
EENS 14.901 12.707
ECOST 58552 49508
Table 4.4 presents the system indices of the overall system and for each group of feeders. IT is 
concluded that the impact of the distribution generation is at the feeder where it is located. For 
the rest of the feeders there is much smaller improvement. There is a small impact at
SAID and CAIDI indices for (M1+M2+M3) while most of the improvement are shown at M4. 
While talking about EENS and ECOST indices, looking at the difference between base case 
 WITH DISTRIBUTED GENERATION 
Figure 3.2). Thirdly, the value of adding several DG at the 
 system main feeders 
4.1: Main feeder 4, with DG at D 
 
 M1 + M2 + M3 M4
 Base case DG scenario Base case DG scenario
 0.2185 0.2055 0.2013 
 1.0828 1.0328 1.0002 
 4.9561 5.0264 4.9688 
 10.357 9.925 4.543 
 40525 38950 18027 
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0.1392 
0.7377 
5.2990 
2.782 
10557 
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(BC) and DG (Table 4.5), M4 take p
improvement while the rest of the three feeder together share the 20% and 17% respectively.
Table 4.5: ECOST and EENS improvements by each feeder groups.
 
M1+M2+M3+
 
BC - DG 
EENS 2.193 
ECOST  9044 
Thus, 83% of the economical benefit is located at the main feeder where the DG is placed. For 
the project it is take as a assumptio
4.2.2. Reliability vs. Distance
This case study proposes is to quantify the 
distribution systems, Figure 4.1
DG. DG location at the supply point (A); 0.75 
2.25 kilometers from SP (D) and 2.85 
For each case the system reliability indice
calculated and compared with base case
data for each simulation are given in 
Table 4.6: System indices 
 
 
BC 
Distance (Km) - 
SAIFI 0.2013
SAIDI 1.0002
CAIDI 4.9688
EENS 4.543
ECOST  18027
It can be seen from Table 4.6 
improve the reliability indices, this is because the circuit will not be mitigated as the DG unit just 
acts as an additional source to the supply bus as the power grid. 
used when there is failure of the 
 WITH DISTRIBUTED GENERATION 
art in more than a 80% of EENS and 83% ECOST 
M4 M1 + M2 + M3 M4
% BC - DG % BC - DG
100% 0.432 20% 1.761 
100% 1575 17% 7469 
n and it is studied only the main feeder DG reliability benefits.
 
value of adding DG at different points of the radial 
 shows main feeder 4, with five suggested locations for 
kilometers from SP (B); 1.5 kilometers from SP (
kilometers from SP (E). 
s SAIFI, CAIDI, SAIDI, ENNS and ECOST 
 (BC) scenario, shown in Table 4.6. Load point indices 
Appendix B. 
for DG at different distance from SP 
DG SCENARIO 
A B C D 
0.00 0.75 1.50 2.25 
 0.1943 0.1713 0.1433 0.1392
 0.9742 0.8842 0.7557 0.7377
 5.0140 5.1618 5.2721 5.2990
 4.449 4.121 3.277 2.782 
 17743 16760 13369 10557 
that the DG unit installed at the beginning of the feede
However, the DG would be 
grid that is why reliability indices are slightly better.
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 % 
80% 
83% 
 
placing 
C); 
are 
E 
2.85 
 
0.1381 
 
0.7324 
 5.3045 
2.614 
9238 
r barely 
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There are clearly significant improvements
the supply point. SAIFI and SAIDI are reduced while DG is further from SP. On the other hand 
CAIDI tends to be slightly higher when distance from SP increases. 
ECOST index presents the cost due to outages, for this project used as reference to choose the 
best scenario.  Table 4.6 shows that lower ECOST is at location E
point of view of ECOST index, it can be seen the difference of ECOST between the base case 
and each location, this result as the annual worth of placing a DG unit at the different locations. 
Recalling the costumer type and the IEAR values of 
the DG is placed close to load point 6 and 7 which have a higher IEAR, because the probability 
of failure at these points is highly reduced when DG is close to t
Figure 
4.2.3. Reliability while increasing DG units
This case study proposes to evaluate the value of placing more than a DG at one location
locations and up to three DG units
concluded that increasing the number of DG at the same locations does not have a positive 
effect to the system reliability. For the test system of this project locating more than one DG at 
some point have an inverted effect on reliability, the protections needed to isolate the faults have 
also a failure rate. Placing more than one unit at one 
parallel, then if any of the protections that isolates each DG fail woul
because all are connected to the same busbar.
Table 4.7and Table 4.8 present 
data for each simulation are given in Appendix 
DG at the same locations does not have a positive effect to the system reliability. For the test 
system of this project locating more than one DG at some point 
reliability, the protections needed to isolate the faults have also a failure 
0
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 when the DG is placed at any other point 
 
, Figure 4.2 
Table 3.7 the annual worth increase when 
hem as shown in Appendix B.
4.2: Annual worth vs. Distance 
 
 are considered, so 15 reliability analysis are performed
location is equivalent of having DG in 
d make the rest fail to, 
 
a summary of the system indices of scenario. Load point indices 
B.  It is concluded that increasing the number of 
have an inverted effect on 
rate. Placing more than 
0.75 1.50 2.25
Distance (km)
39 
distant from 
present another 
 
 
.  Five 
. It is 
2.85
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one unit at one location is equivalent of having DG in parallel, then if any of the protections that 
isolates each DG fail would make the rest fail to, because all are connected to the same busbar.
Table 4.7: System indices when more than one DG is placed at the same location
 
DG at A 
# 1 2 
SAIFI 0.1943 0.2003 0.2063
SAIDI 0.9742 0.9982 1.0222
CAIDI 5.0140 4.9836 4.9550
EENS 4.449 4.536 4.624
ECOST  17743 18006 18268
Table 4.8: System indices when more than one DG is placed at the same location (2)
 
DG at D
# 1 
SAIFI 0.1392 0.1394
SAIDI 0.7377 0.7384
CAIDI 5.2990 5.2976
EENS 2.782 
ECOST  10557 
Figure 4.3 shows what is have been discussed. There is a big reduction of ECOST when first 
DG is placed; however, there is almost no variation when placing more DG. 
Figure 4.3
8000
10000
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14000
16000
18000
20000
0
E
C
O
S
T
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$
/y
e
a
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DG at B DG at C
3 1 2 3 1 
 0.1713 0.1773 0.1833 0.1433 0.1455
 0.8842 0.9082 0.9322 0.7557 0.7642
 5.1618 5.1225 5.0857 5.2721 5.2538
 4.121 4.208 4.296 3.277 3.339
 16760 17022 17285 13369 13599
 DG at E
2 3 1 2 
 0.1396 0.1381 0.1381
 0.7392 0.7324 0.7327
 5.2958 5.3045 5.3040
2.817 2.853 2.614 2.624 
10748 10941 9238 9321 
 
: ECOST index for each location and DG 
1 2 3
Number of DG
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 (1) 
 
2 3 
 0.1476 
 0.7727 
 5.2357 
 3.400 
 13830 
 
 
3 
 0.1382 
 0.7331 
 5.3032 
2.635 
9407 
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5. Reliability wort
This section breakdown the main objective of the project, using all the 
performed. From section 4.2.2 is concluded that the best location to place a DG is E. Moreover, 
even that is not profitable to used more DG at the same location, other location should be 
studied and see if there is still change to increase the reliability and how 
5.1. Distributed generation cost
The distributed generation units used for the study case
power. The diesel generator chosen is the “500 kW Perkins Diesel Generator
is 55,000$ and it is considered a 1500
In addition, there are others costs associated with operation and 
considered per KWh, however, fuel cost t is not consider the cost because is is assumed to be 
the same the cost  that the energy that is not being delivered by the power grid would have, 
while the diesel generator is on. Non
per kWh [29]. 
5.2. Distributed generation 
This section focuses on value the best positions to place
have been concluded that more than one DG is not reliable if
existing one. However, trying other location may still increase the system reliability.
The path to achieve this is to start with the first DG at E, and see improvements of placing an 
extra DG at any of the 4 points, if there
suggested to be placed at any other of the 3 locations left. It will be continued until all 5 locations 
are with DG or the reliability of the systems stops increasing.
that has already a DG, because as seen at 
Figure 5.1 presents a summary of the 
where inside has the location of the DG and the ECOST index. It starts from the base case, 
where ECOST is 18027$/year and is followed by all the possible options of placing a DG. 
all locations are available, where as discussed before the best is E where there is a revenu
8789$/year which makes ECOST be 9237$/year. While placing a second DG it is seen that 
there is now much difference between where is placed. In addition is shown at load point indices 
Appendix B and at Figure 5.1, that there is no much revenue while placing a second DG, the 
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h assessment 
previous studies 
profitable
 
 are a diesel generation of 500kW rated 
”  [28
$ installation cost.  
maintenance;
-fuel O&M costs for diesel generation are considered $0.04 
optimal placing 
 for more than one DG. 
 it is at the same place of an 
 is a increase in reliability worth another unit will be 
 It is not considered again a lo
4.2.3 does not increase reliability. 
path of the study performed, Each box is one scenario 
41 
 would it be. 
] the total cost 
 these are 
Previously, it 
 
cation 
Firstly, 
e of 
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best location is E with an increase of 88$. Finally,
Therefore there are 3 scenarios to compare.
Figure 5.1: ECOST($/year) d
Figure 5.2 presents the EENS values for following the same structure as 
is important in order to calculate the cost of DG. It is considered that the reduction of EENS 
shown on top of the diagram arrows
 WITH DISTRIBUTED GENERATION 
 there is not benefit when placing a third DG. 
  
iagram of the different steps while placing DG
Figure 
 is entirely supplied by the DG.  
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Figure 5.2: EENS (KWh/year) diagram of the different steps w
5.3. Business plan  
This section discusses the profitability of the placing DG taking into account the costs discussed 
on Section 5.1.  The annual interest rate is taken to be a 
5.3.1. First distributed generation at E
Table 5.1 presents the profitability indices when 
E. 
Table 5.1: Profitability indices and pay back
Capital Cost
O&M Cost per year 
Reliability revenue per year
Payback
Internal rate of return
 WITH DISTRIBUTED GENERATION 
hile placing DG
5%. 
 
first distributed generation is placed at location 
 for first DG. 
 56,500 $ 
 77.2 $ 
 6789 $ 
 
8 years 
 
15.07% 
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5.3.2. Second distributed generation at D
This section studies the profitability indices when a second distributed generation is p
location D. Table 5.2 shows the 
case the first DG. The reliability revenue is very low to make this scenario profitable.
Table 5.2: Profitability indices and pay back
Capital Cost
O&M Cost pr year 
Reliability revenue per year
Payback
Internal rate of return
However looking the overall and
payback is at 22 years and the 
which make this scenario very risky.  
best assessment for our test system is to place a DG at location E.
Table 5.3
Capital Cost
O&M Cost pr year 
Reliability revenue per year
Payback
Internal rat
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extra profitability of adding this second DG in
 for second DG. 
 56,500 $ 
 0.5 
 88 $ 
 
N/A 
 
N/A 
 taking into account both units at a time, it is seen that the 
internal rate of return is just 0.15 point above our 
A profit, which comes from the first units. Therefore the 
 
: Overall profitability indices and pay back. 
 113,000 $ 
 77.7$ 
 8712 $ 
 22 years 
e of return 5.15% 
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 taking as base 
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6. Conclusions 
The basic objective of the research described in this project, is to perform an analysis of a radial 
distributed system. The objective is described in detail in Section 
failures are related outages that can propagate to other parts of a system and cause severe 
damages.  
Studding the base case it is seen that the there is a higher outage as the load point is further 
from the supply point, therefore there
have the higher vulnerability in term of worth; IEAR is higher at these load points. In addition the 
overall cost of the outage for the study case is 
The installation is chosen for the project as and the option for improving the reliability of the 
system reducing the cost of outage at costumer point. From the four system main feeders it is 
seen that feeder 4 (M4) is the less reliable with higher distribution indices. The installati
DG at one of the feeders will impact for more than a 83% at the same main feeder that is 
installed. The benefits of DG are found close the DG connection point.  
Installations of DG at supply point will barley improve
DG at further point will increase the contribution of them. As far the location is from the 
substation there reliability system indices increase. The base location for the placement of the 
DG is at the end of the line (point E) in terms of rel
cost due to outage of 9238$/yr for main feeder M4, while it is 18027$/yr for the base case (also 
for M4). 
Placing more than one unit at the same location has a inverted effect, the reliability will not 
improve, this is due to other component failure needed for DG installation as buses and circuit 
breaker. The DG can be oversize
same location. 
Finally, 2 scenarios are found that has reliability wor
E; second one is placing two DG
the ECOST is reduced by 8789$/yr and the pay back of DG
Section5.1 is 8 years and a IRR of 15.07% . There is no improvement of adding one more unit a 
D in term of investment, there is no profit. However, it is feasible looking it from the base case; 
the payback  is 22 years and IRR 5.15%. This
slightly more reliable, but is make the investment much more risky. 
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1.3. The effects of component 
 is a strictly radial network. Commercial sector 
58,551.64 $/yr. 
 
 the system reliability indices
iability worth benefits. At that point there is a 
d which would make unreliable the in station of more DG at the 
th improvement. First one is placing a DG
 (at E and D). There is a high profitability for the first scenario 
 unit investment presented in 
 second scenario makes the distribution system 
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on of a 
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Appendices 
Appendix A: Load point Indices for the case of study.
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Appendix B: Load point Indices for 
Table B: Load point indices for one DG placed at location A 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1588 5.07 
2 0.1718 5.06 
3 0.2395 4.96 
4 0.2265 4.96 
5 0.3073 4.90 
6 0.3040 4.90 
7 0.3403 4.88 
Table C: Load point indices for two DG placed at location A 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1648 5.03 
2 0.1778 5.03 
3 0.2455 4.93 
4 0.2325 4.93 
5 0.3133 4.88 
6 0.3100 4.88 
7 0.3463 4.87 
 
Table D: Load point indices for three DG placed at location A 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1708 4.99 
2 0.1838 4.99 
3 0.2515 4.91 
4 0.2385 4.91 
5 0.3193 4.87 
6 0.3160 4.86 
7 0.3523 4.85 
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the case of study. 
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.8047 0.4305 644.39
0.8697 0.4653 694.05
1.1875 0.6353 928.44
1.1225 0.6353 1362.25
1.5053 0.8520 1788.12
1.4890 0.6760 5831.97
1.6613 0.7542 6493.93
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.8287 0.4434 660.16
0.8937 0.4782 709.82
1.2115 0.6482 944.21
1.1465 0.6489 1384.53
1.5293 0.8656 1810.40
1.5130 0.6869 5917.28
1.6853 0.7651 6579.25
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.8527 0.4562 675.93
0.9177 0.4910 725.60
1.2355 0.6610 959.98
1.1705 0.6625 1406.80
1.5533 0.8791 1832.67
1.5370 0.6978 6002.60
1.7093 0.7760 6664.56
50 
 
 
IEAR 
($ / kW hr) 
 1.497 
 1.492 
 1.461 
 2.144 
 2.099 
 8.627 
 8.610 
 IEAR 
($ / kW hr) 
 1.489 
 1.485 
 1.457 
 2.134 
 2.092 
 8.614 
 8.599 
 IEAR 
($ / kW hr) 
 1.482 
 1.478 
 1.452 
 2.123 
 2.085 
 8.602 
 8.588 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table E: Load point indices for one DG placed at location B 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1358 5.27 
2 0.1488 5.24 
3 0.2165 5.07 
4 0.2035 5.07 
5 0.2843 4.98 
6 0.2810 4.98 
7 0.3173 4.95 
Table F: Load point indices for two DG placed at location B 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1418 5.21 
2 0.1548 5.19 
3 0.2225 5.04 
4 0.2095 5.04 
5 0.2903 4.96 
6 0.2870 4.96 
7 0.3233 4.94 
Table G: Load point indices for three
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1478 5.16 
2 0.1608 5.15 
3 0.2285 5.01 
4 0.2155 5.01 
5 0.2963 4.94 
6 0.2930 4.94 
7 0.3293 4.92 
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Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.7147 0.3824 585.73
0.7797 0.4172 635.39
1.0975 0.5872 869.78
1.0325 0.5844 1278.82
1.4153 0.8010 1704.69
1.3990 0.6351 5511.71
1.5713 0.7133 6173.68
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.7387 0.3952 601.50
0.8037 0.4300 651.16
1.1215 0.6000 885.55
1.0565 0.5980 1301.09
1.4393 0.8146 1726.97
1.4230 0.6460 5597.03
1.5953 0.7242 6258.99
 DG placed at location B  
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.7627 0.4081 617.27
0.8277 0.4428 666.94
1.1455 0.6128 901.32
1.0805 0.6116 1323.37
1.4633 0.8282 1749.24
1.4470 0.6569 5682.34
1.6193 0.7351 6344.31
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IEAR 
($ / kW hr) 
 1.532 
 1.523 
 1.481 
 2.188 
 2.128 
 8.678 
 8.655 
 IEAR 
($ / kW hr) 
 1.522 
 1.514 
 1.476 
 2.176 
 2.120 
 8.664 
 8.642 
 IEAR 
($ / kW hr) 
 1.513 
 1.506 
 1.471 
 2.164 
 2.112 
 8.650 
 8.630 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table H: Load point indices for one DG placed at location C 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1488 5.24 
4 0.1358 5.26 
5 0.2165 5.07 
6 0.2133 5.07 
7 0.2495 5.02 
Table I: Load point indices for two DG placed at location C 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1548 5.19 
4 0.1418 5.21 
5 0.2225 5.04 
6 0.2193 5.04 
7 0.2555 5.00 
Table J: Load point indices for three DG placed at location C 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1488 5.24 
6 0.1456 5.25 
7 0.1818 5.15 
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Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7798 0.4172 635.43
0.7148 0.4046 928.26
1.0976 0.6212 1354.13
1.0813 0.4909 4299.99
1.2536 0.5691 4961.95
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.8037 0.4300 651.16
0.7387 0.4181 950.44
1.1215 0.6348 1376.31
1.1053 0.5018 4384.95
1.2775 0.5800 5046.92
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7799 0.4414 1003.56
0.7637 0.3467 3088.26
0.9359 0.4249 3750.23
52 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.523 
 2.294 
 2.180 
 8.759 
 8.718 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.514 
 2.273 
 2.168 
 8.739 
 8.702 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.273 
 8.907 
 8.826 
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Table K: Load point indices for one DG placed at location D 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1488 5.24 
6 0.1456 5.25 
7 0.1818 5.15 
Table L: Load point indices for two DG placed at location D 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1548 5.19 
6 0.1515 5.20 
7 0.1878 5.11 
Table M: Load point indices for three DG placed at location D 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1608 5.15 
6 0.1575 5.15 
7 0.1938 5.08 
 
  
 WITH DISTRIBUTED GENERATION 
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7799 0.4414 1003.56
0.7637 0.3467 3088.26
0.9359 0.4249 3750.23
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.8037 0.4549 1025.66
0.7875 0.3575 3172.88
0.9597 0.4357 3834.84
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.8277 0.4685 1047.93
0.8115 0.3684 3258.20
0.9837 0.4466 3920.16
53 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.273 
 8.907 
 8.826 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.255 
 8.875 
 8.801 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.237 
 8.844 
 8.777 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table N: Load point indices for one DG placed at location E 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1396 5.30 
7 0.1141 5.42 
Table O: Load point indices for two DG placed at location E 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1488 5.24 
6 0.1456 5.25 
7 0.1818 5.15 
Table P: Load point indices for three DG placed at location E 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1260 5.29 
 
  
 WITH DISTRIBUTED GENERATION 
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7559 0.4279 981.29
0.7397 0.3358 3002.95
0.6183 0.2807 2538.50
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7799 0.4414 1003.56
0.7637 0.3467 3088.26
0.9359 0.4249 3750.23
 
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.7557 0.4278 981.12
0.7395 0.3357 3002.25
0.6660 0.3024 2708.09
54 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.293 
 8.942 
 9.043 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.273 
 8.907 
 8.826 
 IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.294 
 8.942 
 8.956 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table Q: Load point indices for one DG placed at location E and one
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1396 5.30 
7 0.1081 5.50 
Table R: Load point indices for one DG placed at location
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1396 5.30 
7 0.1081 5.50 
Table S: Load point indices for one DG placed a
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1080 5.50 
 
 
 
 
 WITH DISTRIBUTED GENERATION 
 at A  
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7559 0.4279 981.29
0.7397 0.3358 3002.95
0.5943 0.2698 2453.18
 E and one at B  
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7558 0.4044 619.66
0.6908 0.3910 905.98
0.7559 0.4279 981.29
0.7397 0.3358 3002.95
0.5943 0.2698 2453.18
t location E and one at D  
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.7557 0.4278 981.12
0.7395 0.3357 3002.25
0.5941 0.2697 2452.49
55 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.293 
 8.942 
 9.092 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.293 
 8.942 
 9.092 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.294 
 8.942 
 9.093 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table T: Load point indices for o
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1081 5.50 
 
Table U: Load point indices for one DG placed at location E, one at D and one at B
 
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1080 5.50 
 
Table V: Load point indices for one DG placed at location E, one at D and one at A
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1080 5.50 
 
 
 
 WITH DISTRIBUTED GENERATION 
ne DG placed at location E and one at C  
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.7558 0.4278 981.20
0.7396 0.3358 3002.60
0.5942 0.2698 2452.84
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr)
0.6907 0.3696 569.95
0.7557 0.4043 619.62
0.7557 0.4043 619.62
0.6907 0.3910 905.90
0.7557 0.4278 981.12
0.7395 0.3357 3002.25
0.5941 0.2697 2452.49
 
Annual Duration 
(hr / yr) 
EENS 
(MW hr / yr)  
ECOST
($ / yr) 
0.6907 0.3696 569.95 
0.7557 0.4043 619.62 
0.7557 0.4043 619.62 
0.6907 0.3910 905.90 
0.7557 0.4278 981.12 
0.7395 0.3357 3002.25
0.5941 0.2697 2452.49
56 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.294 
 8.942 
 9.093 
 
 
 
IEAR 
($ / kW hr) 
 1.542 
 1.532 
 1.532 
 2.317 
 2.294 
 8.942 
 9.093 
 
 IEAR 
($ / kW hr) 
1.542 
1.532 
1.532 
2.317 
2.294 
 8.942 
 9.093 
RELIABILITY WORTH ASSESSMENT OF RADIAL SYSTEM
 
 
Table W: Load point indices for one DG placed at location E, one at D and one at C
LP Outage  Rate (f / yr) 
Outage 
Duration (hr)
1 0.1298 5.32 
2 0.1428 5.29 
3 0.1428 5.29 
4 0.1298 5.32 
5 0.1428 5.29 
6 0.1395 5.30 
7 0.1080 5.50 
 
 WITH DISTRIBUTED GENERATION 
 
Annual 
Duration (hr 
/ yr) 
EENS 
(MW hr / yr)  
ECOST 
($ / yr) ($ / kW hr)
0.6907 0.3696 569.95 
0.7557 0.4043 619.62 
0.7557 0.4043 619.62 
0.6907 0.3910 905.90 
0.7557 0.4278 981.12 
0.7395 0.3357 3002.25 
0.5941 0.2697 2452.49 
57 
 
IEAR 
 
1.542 
1.532 
1.532 
2.317 
2.294 
8.942 
9.093 
